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Lactococcus lactis phage BK5-T and Streptococcus thermophilus phage Sfi21, two cos-site temperate Siphoviridae with
40-kb genomes, share an identical genome organization, sequence similarity at the amino acid level over about half of their
genomes, and nucleotide sequence identity of 60% over the DNA packaging and head morphogenesis modules. Siphoviridae
with similarly organized genomes and substantial protein sequence similarity were identified in several genera of low-GC-
content Gram-positive bacteria. These phages demonstrated a gradient of relatedness ranging from nucleotide sequence
similarity to protein sequence similarity to gene map similarity over the DNA packaging and head morphogenesis modules.
Interestingly, the degree of relatedness was correlated with the evolutionary distance separating their bacterial hosts. These
observations suggest elements of vertical evolution in phages. The structural genes from BK5-T shared no sequence
relationships with corresponding genes/proteins from lactococcal phages belonging to distinct lactococcal phage species,
including phage sk1 (phage species 936) that showed a closely related gene map. Despite a clearly distinct genome
organization, lactococcal phages sk1 and c2 showed nine sequence-related proteins. Over the early gene cluster phage
BK5-T shared nine regions of high nucleotide sequence similarity, covering at most two adjacent genes, with lactococcal
phage r1t (phage species P335). Over the structural genes, the closest relatives of phage r1t were not lactococcal phages
belonging to other phage species, but Siphoviridae from Mycobacteria (high-GC-content Gram-positive bacteria). Evidence
for recent horizontal gene transfer between distinct phage species was obtained for dairy phages, but these transfers were
limited to phages infecting the same bacterial host species. © 2001 Academic PressINTRODUCTION
Ideas on the evolution of bacteriophages have been
dominated for more than 2 decades by the influential
modular theory of phage evolution (Botstein, 1980). Ac-
cording to that theory, the product and unit of phage
evolution are not a given virus, but a family of inter-
changeable genetic elements (modules), each of which
is multigenic and can be considered a functional unit
(Casjens et al., 1992). According to a recent hypothesis
based on comparative sequencing data, all double-
stranded DNA tailed phage genomes are mosaics with
access by horizontal exchange, to a large common ge-
netic pool, but in which access to the gene pool is not
uniform for all phages (Hendrix et al., 1999). Comparative
genomics of dairy phages, in contrast, suggested that
the extant phage genomes are the combined result of
horizontal and vertical evolution (Bru¨ssow and Desiere,
2001). The choice of dairy phages for evolutionary stud-
ies might at first glance be surprising. However, owing to
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 0041 21 785 8925. E-mail: harald.bruessow@rdls.nestle.com.0042-6822/01 $35.00
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240the economical importance of bacteriophages for the
dairy industry, dairy phages are currently the best inves-
tigated phage system with respect to genome data. A
number of further reasons make dairy phages an inter-
esting target for evolutionary studies. First, dairy starters
(lactic streptococci, lactococci, lactobacilli) belong to an
evolutionarily closely related branch of low-GC-content
Gram-positive bacteria (Zinder, 2000). This fact allows for
testing whether phages show some elements of coevo-
lution with their bacterial hosts. Second, dairy bacteria
not only are evolutionarily related, but also they share in
addition a common environment: Streptococcus ther-
mophilus and Lactococcus lactis, two major dairy start-
ers, are easily isolated from raw milk (Bruttin et al.,
1997a). This ecological proximity offers ample possibili-
ties for horizontal gene transfer. In fact, molecular stud-
ies provided evidence for recent horizontal transfer of
plasmids and insertion elements between these two
species (Gue´don et al., 1995; Schouler et al., 1998, and
Genbank AF177167). Third, on the basis of taxonomical
criteria, dairy phages were differentiated into a number
of distinct phage species and genera. For example, two
phage species were characterized and extensively se-
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241COMPARATIVE GENOMICS OF LACTOCOCCAL PHAGESquenced in S. thermophilus (cos-site “Sfi21-like” phages
and pac-site “Sfi11-like” phages; LeMarrec et al., 1997;
Bru¨ssow and Desiere, 2001; Lucchini et al., 1999a,b). The
diversity of L. lactis phages is even greater: currently 10
distinct species of L. lactis phages are distinguished
(Braun et al., 1989; Jarvis, 1984; Jarvis et al., 1991; Prevots
et al., 1990). The group of completely sequenced lacto-
coccal phages comprises the 936-species (phages sk1
and bIL 170, Chandry et al., 1997), the c2-species (phages
c2 and bIL 67, Lubbers et al., 1995; Schouler et al., 1994),
and the P335-species (phage r1t, van Sinderen et al.,
1996). Quantitatively, these phage species represent
more than 80% of all lactococcal phage isolates from the
dairy environment (Jarvis, 1984; Prevots et al., 1990). The
enetic relationships between phages belonging to dis-
inct phage species (lineages), but infecting the same
acterial host species, can thus be assessed with dairy
hages.
With the published data set and the recently finished
enome sequence from L. lactis phage BK5-T (Boyce et
al., 1995a–c; GenBank Accession No. AF176025), we
searched for evidence of horizontal gene transfer be-
tween dairy phages. The diagnosis of recent horizontal
transfer was based on a high degree of sequence iden-
tity (.95% bp identity) between distinct phage species.
We also looked for evidence of vertical phage evolution.
The diagnosis of vertical evolution was based on the
observation of a gradient of genetic relationships be-
tween phages belonging to the same phage lineage. In
dairy phages we found evidence for both vertical and
horizontal evolution. We interpret the close relationship
between S. thermophilus phage Sfi21 and L. lactis phage
BK5-T as evidence for vertical evolution of part of the
structural gene cluster (DNA-packaging and head genes)
in cos-site temperate Siphoviridae with a 40-kb-long ge-
nome. Evidence for recent horizontal gene transfer be-
tween distinct phage lineages was obtained for non-
structural genes, but the transfers were limited to phages
infecting the same bacterial host species. We propose
that tailed bacteriophages are an attractive test case for
the current discussion of web-like phylogenies in pro-
karyotes (Koonin et al., 2000).
RESULTS
In the following we provide a comparative analysis of
the completely sequenced genomes of lactococcal
phages. These phages represent four distinct lactococ-
cal phage species (Table 1). Representatives from three
phage species were taken from the database; the type
phage of a fourth species (BK5-T species) was se-
quenced for this study. We investigated the genetic rela-
tionships of a given lactococcal phage at three levels:
within a given lactococcal phage species, between dif-
ferent lactococcal phage species, and its genetic rela-
tionships to other phage sequences deposited in thedatabase. With this bioinformatic analysis we searched
for evidence of horizontal and vertical evolution in this
group of phages. We started the analysis with the newly
acquired genome sequence of phage BK5-T.
Lactococcal phage BK5-T and Streptococcal phage
Sfi21 are closely related
The closest relative of L. lactis phage BK5-T was not
another lactococcal phage, but the S. thermophilus
phage Sfi21 (Lucchini et al., 1999b; Desiere et al., 1999).
Both phages showed a similar genome size (40,003 vs
40,739 bp), GC content (34.9 vs 37.5%), and overall ge-
netic organization (Fig. 1). Comparison of the left 20 kb of
the two phage genomes identified genes of strikingly
similar size and relative order that shared significant
sequence similarity at the protein level. Amino acid iden-
tity ranged from 27 to 62% (Fig. 1). An exception was
open reading frame (orf) 14 from BK5-T. This gene
showed no match to sequences in the database. It might
be the consequence of a sequencing error and could
thus give rise to a longer orf 15. However, its low GC
content relative to the rest of the BK5-T genome (Fig. 2)
suggests an insertion of DNA from a different origin
(horizontal gene transfer). At the protein level the simi-
larity between the structural gene clusters from BK5-T
and Sfi21 ended in the middle of orf17 from phage BK5-T
(Fig. 1). The transition point coincided with a significant
rise in the GC content of BK5-T (Fig. 2) and identified a
region of repeats and genetic instability in this phage
(Boyce et al., 1995a,c). Comparison of the right 20 kb
from the two phage genomes identified regions in the
lysis, lysogeny, and putative DNA replication modules
where the predicted proteins shared sequence similarity
(Fig. 1).
Notably, both phages also shared similarity at the
TABLE 1
Abridged Taxonomy of the Lactococcal Phages
Phage type
Prototype
phage Further phages
1/cos/936-species sk1 (V) bIL170, bIL41, biL66, P008,
F4-1, US3
B2/cos/c2-species c2 (V) c6A, bIL67
B1/cos/P335-species r1t (T) f31 (V), LC-3 (T)
1/pac/P335-species TP901-1 (T)a Tuc2009 (T)a
Large B1/949-species f111, P026
1/cos/BK5-T-species BK5-T* (T)
Note. First column: B1, isometric head; B2, prolate head Siphoviridae/
cos: cos-site, genome with cohesive ends; pac, pac-site, DNA packag-
ing by the head-full mechanism/phage species designation. Complete
sequences are in italics. Second column: (T), temperate phage; (V),
virulent phage.
a Not yet in the database.nucleotide level (Fig. 2). The longest contiguous region of
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244 DESIERE ET AL.nucleotide (nt) sequence similarity extended over the
leftmost 6 kb and covered the DNA packaging and head
genes. Most of this region showed about 60% nt identity.
The similarity ended precisely downstream of the major
head gene (Fig. 2). Further regions with nt sequence
similarity covered precisely the major tail gene, short
regions of two putative minor structural proteins, and
precisely orf 46 from BK5-T in the DNA replication mod-
ule (Fig. 2).
Phages related to BK5-T are found in several genera
of low-GC-content Gram-positive bacteria
The genome organization of phage BK5-T demon-
strated clear similarities with a number of other cos-site
phages from low-GC-content Gram-positive bacteria.
The modular organization of phage BK5-T was identical
to that of Lactobacillus phage adh (Altermann et al.,
1999), Staphylococcus phage PVL (Kaneko et al., 1998),
and Bacillus phage phi-105 (Fig. 1). In all of these phages
a DNA packaging module was followed by head, tail, tail
fiber, lysis, lysogeny, and DNA replication modules. The
gene map similarity was especially striking over the left
15 kb of the compared phage genomes. Many of the
predicted proteins from this group of phages shared
significant amino acid (aa) sequence similarity (Fig. 1).
More specifically, 20, 11, 8, and 5 predicted proteins from
BK5-T, respectively, shared aa sequence similarity with S.
thermophilus phage Sfi21 (26 to 62% aa identity), Lacto-
bacillus gasseri phage adh (29 to 59% aa identity), Staph-
ylococcus aureus phage PVL (21 to 37% aa identity), and
Bacillus subtilis phage phi-105 (21 to 34% aa identity). In
addition, 4 of 6 sequenced genes from the Leuconostoc
oenos phage L10 (Sutherland et al., 1994) shared se-
quence similarity with BK5-T genes (30 to 43% aa iden-
tity). At the nucleotide sequence level, 10 genes of S.
thermophilus phage Sfi21 and 1 gene of Lactobacillus
phage adh, but none of the genes from PVL and phi-105,
T
Nucleotide Sequence Similarity between Lact
Orf Length Differences Changes
50 1 1/31 1 32 1539 37 (2) 4
3/35 630 20 (3) 4
5 1 6/38 1 39 1156 19 (2) 4
14/51 384 5 (1) 0
16/52 349 13 (5) 6
20/53 224 6 (3) 3
Note. Orf, corresponding r1t/BK5-T orfs; length, lengths in bp of th
differences over the aligned sequence (% of nt changes); changes, num
sequence conservation upstream/downstream of the indicated orfs inshared sequence similarity with BK5-T.Relationship of BK5-T with lactococcal phages
The genetic organization of BK5-T, over the leftmost 16
genes, showed a clearcut similarity with the L. lactis
phage sk1 (Chandry et al., 1997), a member of the 936-
species of lactococcal phages (Fig. 3). This region cov-
ers the DNA packaging and head and tail genes from
both phages. However, no sequence similarity linked the
corresponding genes and predicted proteins. The right
halves of the two genomes differed completely in their
organization; two genes shared, however, sequence sim-
ilarity (Fig. 3).
At the level of the gene map phage BK5-T shared no
similarity with lactococcal phages from the c2 species
(Lubbers et al., 1995), nor were sequence similarities
detected between any of the predicted proteins (Fig. 3).
Seven early proteins from phage r1t (van Sinderen et
al., 1996), a member of the P335 lactococcal phage
species, were closely related to proteins of phage BK5-T
(Fig. 3). In fact, over nine DNA segments ranging in size
from 0.1 to 1.5 kb, both phages shared high nucleotide
sequence similarity (.93% nt identity, Table 2). Six seg-
ments covered coding regions: Three were from the
lysogeny module (integrase plus a downstream gene/
part of the repressor gene/the anti-repressor and a
downstream gene) and three were located in the putative
DNA replication/transaction region (r1t orfs 14, 16, and 20
(dUTPase)). The regions of similarity covered not more
than two genes and the transition points from related to
distinct sequences were conspicuously close to the
gene borders.
Phage r1t (P335 phage species)
Figure 3 presents the gene map of the temperate
cos-site lactococcal phage r1t in the extracellular phage
configuration. The late gene cluster starts with structural
genes and ends with the lysis cassette. The structural
proteins from independent isolates of cos-site lactococ-
l Phages BK5-T and r1t over Coding Regions
nsion Comments
/127
/93 bp
*Orf50: first 12 codons lacking, 1 bp deletion/Integrase:
All bp changes in the 39 halves
/42 *59 thirds of repressor genes are unrelated
/0* Anti-repressor: compensated frameshift over 3 codons;
*last 2 codons unrelated
/0 *First 4 codons unrelated
/104
/0 dUTPase: *59 halves unrelated
ed sequences over the indicated region; differences, number of nt
nt changes in first and second codon position; extension, length of ntABLE 2
ococca
Exte
50: 0*
int: 44
0*
20
0*
5
0*
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ber ofcal phages from the P335 species were closely related
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245COMPARATIVE GENOMICS OF LACTOCOCCAL PHAGES($97% aa sequence identity among lactococcal phages
r1t, phi31, and LC-3, data not shown). In contrast, no
similarity was detected between structural genes from
phage r1t and pac-site L. lactis phages Tuc2009 (Arendt
t al., 1994) and TP901-1 (Johnsen et al., 1996), two
losely related phages (D. van Sinderen, F. Vogesen,
ersonal communication) that were also attributed to the
335 phage species. Over the structural genes, r1t
hared only limited similarity with phages from distinct
actococcal phage species or from other genera of dairy
acteria. Similarity was limited to r1t orfs 30, 42, and 47
E-value 1024, 1029, and 10210 with S. thermophilus phage
fi11) and orfs 47 and 49 (lysin) (68 and 55% aa identity
ith proteins from lactococcal phages of the 936 spe-
ies). In contrast, phage r1t showed clear links to Sipho-
iridae from high-GC-content Gram-positive bacteria
phages TM4 and L5 infecting Mycobacterium tubercu-
osis, Ford et al., 1998a,b). These phages shared a com-
arable gene map for the structural genes and sequence
imilarity for eight predicted r1t proteins (Fig. 3).
A totally different picture emerged for the right genome
alf of r1t where early genes were encoded. A total of 16
arly r1t proteins shared sequence similarities with pro-
eins from phages that infect various low-GC-content
ram-positive bacteria (Fig. 3). The similarity with lacto-
occal phage BK5-T was especially close (Fig. 3 and
able 2).
hages sk1/bIL170 (936 phage species)
The gene maps of the virulent cos-site L. lactis phages
k1 and bIL70 (lactococcal phage species 936) are char-
cterized by opposing clusters of early leftward tran-
cribed genes and late rightward transcribed genes in a
ead-to-head constellation (Chandry et al., 1994, 1997).
t sequence similarity with phages from other lactococ-
al phage species was limited to orf 29 from sk1 that
hared 89% bp identity with orf 56 from BK5-T. Interest-
ngly, the region of near sequence identity covered the
oding region plus 17 bp upstream of the start codon and
bp downstream of the stop codon. Thirty of the 33 bp
hanges were at the third codon position and are thus
eutral at the aa sequence level.
Phages bIL170 (Crutz-Lelog et al., INRA, Crutz-Lelog,
. M., Cesselin, B., Commissaire, J., Anba, J., Kyriakidis,
., and Chopin, M. C., unpublished, AF009630) and sk1
ere closely related at the nucleotide level (e.g., 93% bp
dentity over orfs 1 to 13 from sk1). In fact, their genomes
ould be aligned essentially over their entire lengths (Fig.
). In the late gene cluster differences between both
hages were limited to three regions. Region 1 corre-
ponded to a 2-kb DNA segment in front of the putative
ajor tail gene of phage bIL170. This DNA segment
overed precisely the coding sequence for the L12 pro-
ein of bIL170. L12 shared .90% aa identity with orf 47 gp
rom phage r1t except for a 200-aa-long domain whichhowed 50% aa identity with a putative host-interacting
rotein from S. thermophilus phages (Desiere et al.,
998). The “ectopic” location of a tail fiber gene between
he putative major head and tail genes and the close
elatedness of this gene with a r1t gene argue for an
nsertion in bIL170 instead of a corresponding deletion in
k1. Regions 2 and 3, respectively, corresponded to a
egion of localized sequence diversification in the middle
f the putative tail tape genes and in a likely tail fiber
rotein. Over the early gene cluster, the alignment of the
wo phages was interrupted in nine regions. All nonalign-
ents corresponded to insertion/deletions. The regions
f nonalignment ranged in size from 1.6 to 0.2 kb. The
onaligned regions showed no matches to entries of the
atabase with the notable exception of genes e37, e20,
nd e11 from phage bIL170 that resembled endonucle-
ses associated with group I introns of numerous
hages (Foley et al., 2000; Nauta, 1997; van Sinderen et
l., 1996). The bIL170 endonuclease genes were distinct,
ut related (e37/e20: 33% aa identity; e20/e11: 28% aa
dentity). Apparently, the bIL170 genome experienced
hree independent insertion events; notably, bIL 170 has
lso a significantly larger genome than sk1 (319754 vs
289451 bp).
Phages c2/bIL67 (c2 phage species)
L. lactis phages c2 and bIL67, two completely se-
quenced representatives of the lactococcal c2 phage
species, showed a gene map that differed clearly from
that of all other lactococcal phages. Divergently tran-
scribed early and late genes clusters are arranged in a
tail-to-tail constellation centered on the origin of replica-
tion (Lubbers et al., 1995, 1998; Schouler et al., 1994).
Phages c2 and bIL67 were closely related (Fig. 5), but
lacked nucleotide sequence similarity to lactococcal
phages belonging to distinct phage species. The early
gene cluster and most of the late gene cluster of c2 and
bIL67 shared 84 to 92% bp identity. Three genome re-
gions showed a nonalignment. One region corresponded
to the origin of phage replication, and another was lo-
cated over a central domain in the putative tail adsorp-
tion gene (Lubbers et al., 1995). The third covered a 4-kb
region encoding minor structural proteins (l14, l15, and
l16 in c2) that retained, however, significant protein se-
quence similarity with the corresponding proteins from
bIL67. Interestingly, L15 and L16 shared significant se-
quence similarity with putative tail adsorption proteins
from cos-site and pac-site S. thermophilus phages, re-
spectively (52% aa identity with orf 1276 gp from phage
Sfi21 and 37% aa identity with orf 695 gp from phage
Sfi11).
Despite the difference in the genome organization and
the lack in nucleotide sequence similarity, nine phage c2
proteins shared clear sequence similarities with phage
sk1 proteins. To better visualize these similarities, the
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247COMPARATIVE GENOMICS OF LACTOCOCCAL PHAGESgenome map of phage c2 was rearranged in Fig. 3
(sealing of the cos-sites and opening of the genome at
the origin of replication). Four c2 proteins shared simi-
larities with proteins from S. thermophilus phages and
wo further proteins (lysin and a putative recombinase)
atched proteins from non-dairy phages (e.g., .35% aa
dentity with Salmonella phage P22).
Terminase dendrogram
DNA packaging via the cos-site mechanism is a strat-
egy used by phages infecting a broad phylogenetic
range of bacteria. The basic requirements of the enzy-
FIG. 4. Dot-plot analysis for the lactococcal phages sk1 and bIL170.
of sequence differences are marked and annotated. Gray and white arrmatic process apparently imposed a conservation of the plarge subunit terminase (Smith et al., 1999) that makes
his protein a suitable candidate for a dendrogram anal-
sis based on sequence alignments. After three iterative
SI-BLAST searches, the terminase from phage BK5-T
ielded 28 proteins that crossed the E-value threshold of
.001. The proteins were aligned with the Clustal W
rogram and a dendrogram was created on the basis of
heir sequence similarity (Fig. 6). Interestingly, the termi-
ase from lactococcal phage BK5-T was closely associ-
ted with terminases from several phages of strepto-
occi, lactobacilli, and staphylococci sharing a common
ene map, while the terminases from lactococcal
mparison window was 50 bp, and the stringency was 30 bp. Regions
the bIL170 map identify shared and unique bIL170 genes, respectively.The cohages of the 936- and the c2-species were attributed to
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248 DESIERE ET AL.two distinct, but related, branches. The dendrogram
should not be interpreted as a phylogenetic tree, but as
a kind of cluster analysis, just showing which proteins
are close relatives to one another. In addition, the rela-
tive branching pattern should be taken with caution
since bootstrap values below 600 may provide weak (if
any) support for the dendrogram topology. In this respect,
branches 5, 6, and 7 must be regarded as unresolved.
However, the branching pattern of the dendrogram is
supported by independent biological evidence. Phages
from branches 1 to 3 shared a similar organization of the
head and tail gene cluster (Desiere et al., 1999; Bru¨ssow
and Desiere, 2001). In addition, the major head protein
from these phages showed a strong coiled-coil predic-
tion over the 70 N-terminal amino acids of the major
head protein, followed by a proteolytic cleavage site at
FIG. 5. Dot-plot analysis for the lactococcal phages c2 and bIL67. Th
sequence differences are marked and annotated.about aa position 105 to 110 (Desiere et al., 1999 and adata not shown). Furthermore, phages from the branches
1 to 3 (including the coliphages HK97 and HK22, Juhala
et al., 2000, Hendrix, personal communication) showed
39 extended cos-sites, in contrast to phage lambda that
ossesses 59 extended cos-sites and an unrelated ter-
inase. Finally, the tree analysis of the integrase (Bruttin
t al., 1997b) and the ClpP protease (Desiere et al., 2000)
rom BK5-T confirmed some of the observed relation-
hips between the phages seen in the terminase den-
rogram. According to the dendrogram, terminases from
ranch 4 are more distantly related to terminases from
ranches 1 to 3. Concomitantly, the corresponding
hages shared only part of the above-mentioned char-
cteristics. Lactococcal phages of the 936-species
hared a similar organization of the structural gene clus-
er (Fig. 3), a coiled-coil prediction over the 70 N-terminal
parison window was 50 bp, and the stringency was 30 bp. Regions ofe commino acids of the major head protein (data not shown),
249COMPARATIVE GENOMICS OF LACTOCOCCAL PHAGESbut no proteolytic processing of this protein. Lactococcal
phages of the c2 species showed a distinct gene map for
the DNA packaging and head genes (Fig. 3), but still
showed a coiled-coil prediction in the major head protein
followed by a proteolytic cleavage site. However, both
features were shifted 100 aa toward the C-terminus (data
not shown).
DISCUSSION
L. lactis phage BK5-T, the type strain of a rare lacto-
FIG. 6. Dendrogram of proteins from the database that showed sign
BK5-T after three iterative PSI-BLAST searches. The dendrogram was
tation with Tree view. The numbers are the bootstrap probabilities. Phag
are bracketed and annotated.coccal phage species, showed over its structural genecluster no sequence relatedness with lactococcal
phages belonging to distinct taxonomical phage species.
However, over this region phage BK5-T demonstrated a
close genetic relationship with the cos-site temperate S.
thermophilus phage Sfi21. In fact, phage BK5-T turned out
to be a member of phage group that was isolated from a
number of genera of low-GC-content Gram-positive bac-
teria. This group comprised temperate cos-site Siphoviri-
dae with isometric heads that shared a conserved gene
map. Interestingly, phage BK5-T showed a clear gradient
similarity to the putative large subunit terminase of the L. lactis phage
by alignment using the ClustalW program and subsequent represen-
t were grouped together on the basis of independent biological criteriaificant
derived
es thaof relatedness with respect to the members of this group
p
o
e
s
l
n
t
g
s
g
e
c
i
p
c
g
r
p
p
v
p
l
s
s
l
l
e
a
T
e
o
g
l
d
t
o
h
a
(
e
i
t
r
g
b
p
a
c
v
p
i
n
o
D
e
b
g
G
e
g
p
c
P
t
t
c
g
s
m
250 DESIERE ET AL.when taking the number of shared structural proteins
and their degree of sequence similarity as a semi-quan-
titative measure for the genetic distance: Sfi21 . adh .
PVL $ phi-105. Notably, this gradient reflected the phy-
logenetic relatedness of the host bacteria with respect to
Lactococcus: Streptococcus . Lactobacillus . Staphy-
lococcus $ Bacillus as assessed by rRNA sequence
data (Zinder et al., 2000). Previous analysis of phage
Sfi21 revealed, in addition, genetic relationships with
lambda-like phages from Gram-negative bacteria (Desi-
ere et al., 1999). The phages were linked by a shared
structural gene map, while sequence conservation was
weak or absent. The remarkable synteny of DNA pack-
aging and head and tail genes was successfully used to
predict gene functions for dairy phages by reference to
the well-studied gene map of lambdoid coliphages (De-
siere et al., 1998, 1999, 2000; Lucchini et al., 1998).
Structural gene clusters analogous to phage lambda
were even observed in viruses from Archaea (Pfister et
al., 1998). The wide distribution of this basic phage mod-
ule suggests its evolutionary antiquity and proposed
strong elements of vertical evolution for this widespread
group of tailed phages. In fact, series of graded related-
ness are the hallmark of evolving biological systems. The
structural genes from certain phage lineages (e.g., the
HK97/D3/Sfi21/PVL/phiC31 lineage) fit into this picture.
For example, the most diverse cos-site S. thermophilus
phages did not differ by more than 20% nucleotide se-
quence diversity from each other (Lucchini et al.,
1999a,b). Lactococcus phage BK5-T and Streptococcus
hage Sfi21 still shared nucleotide sequence similarity
ver the structural gene cluster, but the similarity did not
xceed 60% bp identity. Phages Sfi21 or BK5-T shared
ubstantial protein sequence similarity with Lactobacil-
us phage adh, but nucleotide sequence similarity was
ot detected. Finally, phages Sfi21 shared a nearly iden-
ical gene map for the DNA packaging and head and tail
enes with coliphage HK97, but only weak, if any, protein
equence similarity (Desiere et al., 2000).
It is astonishing that the basic design of the structural
ene cluster should be conserved over apparently long
volutionary periods. This conservation could be the
onsequence of the strong and complex protein–protein
nteractions that occur during the morphogenesis of the
hage capsid and the DNA packaging process. These
onstraints are much less severe for tail fiber or lysis
enes where the phage proteins interact with the bacte-
ial cell surface or for early phage proteins where the
hage proteins interact with phage nucleic acids or host
roteins. This reasoning could explain why elements of
ertical evolution are not observed outside of the DNA
ackaging and head gene cluster.
The conserved structural gene map of lambdoid co-
iphages is realized with genes that shared no significant
equence similarity, e.g., phage l and phage HK97 (Ju-hula et al., 2000). Similar observations were made in sdairy phages. For example, distinct streptococcal (e.g.,
Sfi21 and Sfi11) or lactococcal (e.g., BK5-T, TP901-1 (Luc-
chini et al., 1998), sk1 (Chandry et al., 1997)) phages
maintained the basic structural gene map of lambdoid
coliphages. Notably, the three distinct lactococcal
phages with the lambdoid structural gene map lacked
sequence relatedness between structural proteins; the
same is true for the two distinct S. thermophilus phage
pecies (Lucchini et al., 1999a). However, sequence re-
ationships were seen among streptococcal phage Sfi21,
actococcal phage BK5-T, and coliphage HK97 (Desiere
t al., 2000). Similar sequence relationships were seen
mong streptococcal phage Sfi11, lactococcal phage
P901-1, and coliphage l (Lucchini et al., 1998; Desiere
t al., 2000). It is therefore unlikely that the differentiation
f phages into the distinct phage species took place in a
iven bacterial host species (e.g., L. lactis). The different
actococcal phage species are probably members of
istinct evolutionary phage lineages. Some data support
his hypothesis. Lactococcal phage r1t, for example, is
ver its structural genes a distant relative of phages from
igh-GC-content Gram-positive bacteria, while close rel-
tives of r1t were recently identified in S. pyogenes
Desiere et al., submitted). If our interpretation of vertical
volution of the structural gene clusters in dairy phages
s correct, sequencing of many more phage genomes
han currently available in the database might allow us to
etrace the evolutionary history of the phage structural
ene clusters by comparative genomics. Since the data-
ase is currently small (all completely sequenced
hages amount just to about one E. coli genome equiv-
lent), all phage data should still be interpreted with
aution.
Our analysis of lactococcal phage genomes also pro-
ided evidence for horizontal gene transfer in lactococcal
hages. The evidence comes from two different compar-
sons. On one side, the alignment of related phage ge-
omes revealed DNA segments, which were present in
nly one of the two related phages. In some cases a
NA insertion event was the likely cause for this differ-
nce (ectopic insertion of a likely phage tail fiber gene in
IL170; association of extra phage DNA with mobile
enetic elements like endonucleases in bIL170; distinct
C content of the extra phage DNA in BK5-T). Similar
xtra DNA segments were observed when the structural
enes from B. subtilis phage SPP1 and Lactobacillus
hages (Desiere et al., 2000) or when different lambdoid
oliphages were compared (Juhula et al., 2000). The
ittsburgh group coined the term “moron” (more DNA) for
his phage DNA (Juhula et al., 2000). On the other side,
he comparison of distinct lactococcal phages revealed
losely related phage genes in the context of unrelated
enes. Between lactococcal phages from distinct phage
pecies, shared sequences were limited to a single or at
ost two adjacent genes. The comparisons showedingle (e.g., between BK5-T and sk1) and multiple hori-
T
m
r
p
f
(
1
(
b
a
d
b
s
d
a
d
[
P
b
P
F
m
1
a
t
w
T
B
B
251COMPARATIVE GENOMICS OF LACTOCOCCAL PHAGESzontal transfer events (between BK5-T and r1t). All doc-
umented gene sharing between distinct lactococcal
phage species was limited to early genes; in no case
were structural genes implicated (if tail fiber genes are
excluded). Two further observations are noteworthy.
First, the genes shared between distinct lactococcal
phages showed high nucleotide sequence identity, sug-
gesting recent horizontal transfer events. Similarly, re-
cent horizontal gene transfers were also observed be-
tween pac- and cos-site S. thermophilus phages (Luc-
chini et al., 1999a). Second, within dairy phages recent
horizontal gene transfers were limited to phages infect-
ing the same bacterial host species. We suspect that the
gene transfers between distinct phage species from the
same bacterial host are the result of illegitimate recom-
bination after double infection of the same bacterial host
with two distinct phage species. The conspicuous con-
servation of the gene borders in these horizontal gene
transfers could be the consequence of the selection of
functional recombinants. Recent horizontal gene transfer
between dairy phages infecting distinct host species or
host genera was not observed. This observation con-
trasts with the sharing of closely related IS elements and
plasmids between S. thermophilus and L. lactis (Gue´don
et al., 1995; Schouler et al., 1998; and Genbank AF177167)
and suggests relatively tight bacterial host species bar-
riers for gene transfer between streptococcal and lacto-
coccal phages.
The extant dairy phages are apparently the result of
both vertical and horizontal evolution; elements of verti-
cal evolution are evident in the late gene cluster while
elements of horizontal evolution seems to dominate the
evolution of the early gene clusters. Web-like phylog-
enies combining elements of vertical and horizontal evo-
lution are currently intensively discussed for the evolu-
tion of bacteria (Doolittle et al., 1999; Koonin et al., 2000).
he comparative genomics of tailed bacteriophages
ight provide valuable contributions to this discussion.
MATERIALS AND METHODS
All phage DNA sequences analyzed in the present
eport were retrieved from the database, except for
hage BK5-T. The investigated phage sequences can be
ound under the following accession numbers: Sfi21
NC_000872), adh (AJ131519), PVL (AB009866), phi-
05 (AB016282), A118 (AJ242593), c2 (L48605), sk1
AF011378), r1t (U38905), L5 (Z18946), TM4 (AF068845),
IL67 (L33769), bIL170 (AF009630), L5 (Z18946). An
bridged taxonomy of the dairy phages relevant for the
iscussion of the data is provided in Table 1.
The detailed sequence analysis of BK5-T and some
iological data will be reported elsewhere. The BK5-T
equence was submitted to the GenBank database un-
er Accession No. AF176025. Nucleotide and predicted
mino acid sequences were compared to those in theatabase programs (GenBank release 110; EMBL
abridged], release 58; PIR-Protein release 60; SWISS-
ROT release 37; PROSITE release 15). Additional data-
ase searches have been conducted using BLAST and
SI-BLAST (Altschul et al., 1990, 1997) at the NCBI and
ASTA (Lipman and Pearson, 1985). Sequence align-
ents were done using the MultAlin program (Corpet,
988), ClustalW (Thomson et al., 1994), and the SIM
lignment tool (Huang et al., 1990). The dendrogram of
he large subunit terminase proteins was constructed
ith the Clustal X program (NCBI) and visualized with the
reeView program.
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